ABSTRACT
INTRODUCTION
Solid-phase DNA sequencing strategies have developed into important processes for high-throughput applications. The important attributes associated with solid-phase approaches include: (i) the generation of high-purity, single-stranded products. The solid support can act as a capture medium for the double-stranded template generated using PCR, and once captured, the complement can be effectively removed using heat or NaOH melting. In fact, elution of the complement can allow for bidirectional sequencing of one PCR product (5); (ii) the removal of interferences produced from the PCR or sequencing reactions. The removal of excess primers, salts or dNTPs can easily be accomplished by capture of the sequencing template on the solid support with no need for centrifugation or precipitation steps. Many times the removal of these interferences can improve banding in the electrophoresis step of the analysis, especially in capillary gel electrophoresis (19) ; (iii) solidphase sequencing is conducive to automation. Fluid handling is greatly simplified in most solid-phase approaches, and many of the steps can simply be handled by conventional robotic workstations (12, 21) .
The common support medium used in many solid-phase approaches is magnetic beads (3, 6, 8, 9, 18, 20, 22) or ultra-small polystyrene beads (4) coated with streptavidin. By producing a PCR product using a primer containing a biotin molecule on the 5 ′ end, the PCR product can be tethered to the bead with magnetic capture to isolate the template for further processing. An alternative method is to use streptavidin agarose gels to immobilize the DNAs (7, 17) .
The detection of the DNA sequencing ladders that were produced using solid-phase processing can easily be accomplished using fluorescence (1, 11, 15) . In most sequencing applications that use solid-phase approaches, dyelabeled primers are used. However, Schofield and co-workers have shown that dye terminator chemistry can also be used in solid-phase sequencing strategies (14) , which permits generating the four terminated products in one reaction vessel and minimizes postsample handling before gel loading.
Recently, we extended the solidphase approach to microcapillary tubes, which offers the additional advantage of being able to scale the reaction to nanoliter volumes with a concomitant savings arising from the reduction in consumables during DNA polymerization (16) . In addition, microcapillaries are easily manipulated with robotics for automated operation, and fluid handling can be accomplished using electrokinetic pumping. In our work, the microcapillary tube was functionalized with biotin to serve as the anchoring scaffold for the DNA template ( Figure  1, A and B) . This was followed by incubation of the tube with streptavidin and then using another binding site of the tetrameric streptavidin protein to attach the PCR product containing a biotin handle to the wall of the microcapillary tube (biotin:streptavidin:biotin layer). The advantage of tethering the biotin directly to the wall of the capillary, and not to streptavidin, is that one can simply strip the DNA from the reactor using heat and formamide without removing the biotin layer, allowing regeneration of the reactor. Using this format, we have demonstrated that cycle sequencing using TaqDNA polymerase (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and a single dye tract can be accomplished in a volume of about 64 nL.
Here, we demonstrate the use of this microcapillary solid-phase DNA sequencing reactor interfaced with conventional slab gel electrophoresis. Since the slab gel format can accept larger volumes of materials as compared to capillary gel electrophoresis (sample volume approximately 10 nL for capillary gel electrophoresis and sample volume approximately 5 µ L for slab gel electrophoresis), the reactor volume was scaled-up by simply increasing the length of the capillary as well as its internal diameter. Following generation of the sequencing ladders, the tube could be heated to denature the DNAs. The entire contents of the capillary reactor were then pressure injected into a well of the slab gel for fractionation of the sequencing products. In addition, we show that the anchoring system is stable toward typical cyclesequencing conditions and also can be subjected to multiple sequencing rounds. Finally, data are included to demonstrate the feasibility of generating sequencing products using near-IR fluorescent dye terminator chemistry.
MATERIALS AND METHODS

Generation of Biotinylated PCR Product
A 1-kb target was amplified by PCR from bacteriophage λ -DNA in a PerkinElmer 2400 series thermocylcer (PE Biosystems, Foster City, CA, USA). The PCR primers were designed (Figure 1C) s; and (iii) extend primers at 72°C for 90 s. Following PCR amplification, the biotinylated PCR products were purified using Amicon ® Microcon ® concentrators (Millipore, Bedford, MA, USA) with molecular cutoffs at 50 kDa. The PCR product was stored in water at -20°C until needed.
Immobilization of Biotinylated PCR Product to Capillary Wall
The PCR product was immobilized to the wall of a fused silica capillary using a biotin:streptavidin:biotin system (16), which is briefly outlined here. Fused silica capillary tubes (100 µ m i.d.; 365 µ m o.d.) were cut into 100-cm sections and rinsed successively with 1 M NaOH, double-distilled water and 1 M HCl for 30 min each. This was followed by purging the capillary with air for 10 min and finally oven-baking the capillary at 200°C for several hours. After drying, the capillary was filled with a solution of 5% (3-aminopropyl)triethoxysilane (Sigma, St. Louis, MO, USA) in acetone. The capillary was allowed to stand for 30 min and then purged with air for 3 min and finally incubated at 45°C for about 24 h. Next, the capillary was filled with a bicarbonate solution (50 mM; pH 8.3) containing 5 mg/mL NHS-LC-biotin (Sigma) for 4 h at room temperature. Following this treatment, the capillary was briefly rinsed with double-distilled water and gravity-filled with a 4 mg/mL solution of streptavidin (Sigma) that was prepared in 50 mM phosphate buffer (pH 7.4) at 4°C. Finally, the streptavidincoated capillary was rinsed with water and treated by gravity flow, which was generated by adjusting the height difference between the two ends of the capillary, with the biotinylated PCR product at 4°C. Excess PCR product was removed by a final water wash.
Near-IR Fluorescence Sequencing with Dye-Labeled Primer
Extension of the immobilized PCR product was accomplished directly within a 15-cm section of microcapillary (total volume about 1.2 µ L). Since the original PCR product was immobilized as a duplex, it was thermally denatured at 95°C for 5 min with constant gravity flushing to remove the complement. For dye-primer chemistry, four reactors were used, one for each base. Each solid-phase capillary reactor was filled with the appropriate extension mixture, which consisted of 1 µ L 21-bp IRD-800 labeled sequencing primer (LI-COR, Lincoln, NE, USA); 5 µ L double-distilled water and 2 µ L A, C, G or T extension mixture (Thermo sequenase primer cycle sequencing kit with 7-deaza-dGTP; Amersham Pharmacia Biotech). The sequencing primer was designed to hybridize to bases 7538-7558 of the bacteriophage λ -DNA (Figure 1C) . The capillary reactor was cycled through 20 temperature cycles, each consisting of the following steps: (i) 95°C for 30 s; (ii) 68°C for 30 s; and (iii) 72°C for 90 s. The thermal cycling was accomplished by submerging the capillary reactor, which was capped on both ends with a quartz capillary plug (Micro-quartz, Phoenix, AZ, USA), in a temperature-controlled water bath. Following thermal cycling, the reactor was immediately heated to 95°C to remove extension products from the wallimmobilized sequencing template, and the reaction mixture from each capillary was pressure-injected into separate microcentrifuge tubes and subsequently loaded into the wells of the slab gel using a pipet (load volume of 1 µ L).
The sequencing was performed on a LI-COR model 4000 automated near-IR DNA sequencer. The gel consisted of an 8% (w/v) polyacrylamide gel (Long Ranger ™gel; BMA, Rockland, ME, USA) that used 7 M urea as the denaturant and a 1 ×TBE buffer. The gel, 25 cm (width) ×41 cm (length), was run at 1650 V for 8 h. Data acquisition and base-calling were performed using the LI-COR software on a PC.
To investigate the stability of the anchoring scaffold to typical thermalcycling conditions, several capillary microreactors were subjected to eight thermal cycles using the temperature program described above. The tethered template was subjected to 15 rounds of sequencing with each round analyzed on the LI-COR automated DNA sequencer. For these experiments, only a single terminator tract was analyzed (ddCTP).
Fluorescence Dye Terminator Sequencing in Capillary Reactor
A near-IR dye terminator was kindly prepared for us by Shaheer Kahn of PE-Applied Biosystems. The dye-labeled terminator was a sulfonated tricarbocyanine dye that was tethered to a non-hydrogen bonding site of the nucleotide base using a propargyl amine linker (2). The capillary reactor was filled with the extension mixture, which consisted of 1 µ L 21-bp sequencing primer (1 µ M), 2 µ L reaction buffer, 1 µ L dNTP mixture, 1 µ L thermal sequenase enzyme and finally 1 µ L (50 µ M) of the dye-labeled terminator (ddGTP). The reaction mixture was pressure-injected into the capillary, which was sealed with the quartz plugs and subjected to the following thermal cycling conditions for 20 cycles: 
95°C for 30 s; and (ii) 60°C for 4 min.
Following thermal cycling, the contents of the capillary reactor were pressureinjected into a microcentrifuge tube and subjected to a cold ethanol precipitation to remove any excess dye-labeled ddGTP. After decanting the ethanol, the DNA was spun and dried in a centro-vap and finally taken up in 2 µ L formamide loading buffer. One microliter of the solution was loaded onto an 8% (w/v) polyacrylamide slab gel with 7 M urea as the denaturant. The electrophoresis and fluorescence detection were carried out on the LI-COR 4000 automated DNA sequencer.
RESULTS AND DISCUSSION
One important consideration to this reactor format is the amount of DNA template that is available for sequencing, which is determined by the amount of DNA immobilized to the wall of the capillary microreactor. In a previous publication, we determined that the amount of DNA immobilized is determined by the surface coverage of the streptavidin protein (16) . In addition, even though three sites are potentially available for binding biotin on the wallanchored streptavidin, only one DNA molecule was tethered to a single streptavidin protein (16) . With these considerations in mind, the calculated amount of DNA immobilized in this reactor (volume of 1.2 µ L) was 3.9 pmol. By comparing the intensity of the resultant fluorescence signal of the ladder prepared in the capillary microreactor to that obtained from a ladder prepared in a conventional microcentrifuge tube containing a fixed amount of template DNA added to the reaction cocktail, the estimated amount of DNA attached to the wall of the capillary was about 1 pmol. This yielded an immobilization efficiency of approximately 25%. We have attributed this disparity to inefficient anchoring of the biotin layer to the wall because of the sensitivity of the immobilization reactions to hydrolysis effects. It should be noted that the efficiency number measured this way could also be affected by steric considerations or inaccessibility of immobilized DNAs to sequencing reagents because the results were obtained using sequencing intensity data. However, we found that the level of DNA loading into the capillary microreactor was fairly consistent ( ± 5%) from capillary to capillary when prepared in a similar fashion.
Because our automated DNA sequencer can process only one color, sequencing was carried out using the microcapillary solid-phase approach using single dye primer chemistry and four separate lanes of the gel. Here, the single base tracts prepared in each of four capillaries were loaded into the gel lanes of the sequencer. Figure 2 shows a trace of the sequencing data as well as the called bases. Using the base caller for this machine, we were able to read 589 bases, and the ambiguities from this trace were less than 10. Even after base 589, strong signal intensity was observed. In a simi -
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Vol. 28, No. 5 (2000) Figure 2 . Sequencing trace (called bases 1-480) of a 1020-bp PCR-amplified λ λ -bacteriophage template immobilized to the wall of the capillary microreactor. Sequencing was performed using an IRD-800 near-IR fluorescent label covalently attached to the custom-designed 21-mer primer. In this sequencing run, a single dye was used with four sequencing lanes. Electrophoresis was performed on a LI-COR 4000 automated slab gel electrophoresis device with near-IR laser-induced fluorescence detection. lar fashion, we generated sequence data on this same template using sequencing reactions prepared in conventional microcentrifuge tubes and a block thermal cycler. The results (data not shown) indicated a similar read length with the errors (in this case, defined as the number of ambiguities) equal to about 20. Therefore, the capillary microreactor can produce high-quality sequencing data, which is comparable to conventional sample preparation formats. Improvements in read length could easily be achieved by improving electrophoresis conditions, through improvements in either the sieving gel or the electrophoresis operating parameters.
Our next set of experiments was focused on investigating the stability of the anchoring system to typical cycle sequencing conditions. For each round of sequencing, eight thermal cycles were performed on a single capillary solid-phase reactor as described in the Materials and Methods section. After 15 sequencing rounds, the signal was clearly observable. The relative signal intensity for the same band selected from the trace was found to drop by only about 40% after 120 thermal cycles (15 rounds and eight thermal cycles/round). The impressive chemical stability of this tethering system arises from both the stability of the biotin -:streptavidin couple and the ability of the siloxane bonds used to attach biotin to the wall of the capillary reactor to withstand the heating conditions required for cycle sequencing. In addition, we found that the streptavidin and immobilized template DNA can be stripped from the reactor by subjecting the capillary to heat (>95°C) and 90% formamide (16) . However, the wall-immobilized biotin is not removed from the capillary using these conditions because incubation with fresh streptavidin and the addition of biotinylated DNA will reactivate the capillary reactor.
One of the disadvantages of the dye primer chemistry used here is that the DNA polymerization must be done in four separate reactors and pooled before the electrophoresis, if four unique fluorescent probes can be used (four colors). Therefore, it would be particularly advantageous if dye terminator chemistry could be implemented, allowing the sequencing reactions to be performed in a single capillary microreactor. We evaluated the feasibility of using near-IR labeled terminators for this application. These experiments were carried out by accumulating data for a single tract (Gtract). The results produced a high-quality G tract with the number of readable bases approaching 183 for this single base tract. In this case, we needed to remove excess dye terminator before gel loading using a cold ethanol precipitation since the free dye-terminator migrated at a rate equivalent to a 110-base Short Technical Reports ssDNA fragment. This produced a large band in the electropherogram, which masked the signal from several bands in the DNA ladder. However, the need for an ethanol precipitation step could be alleviated if the extension products could remain captured on the wall of the capillary microreactor (only one thermal cycle). Simple pumping of clean buffer into the capillary before heat denaturation would allow effective removal of the excess dye-labeled ddNTP before gel loading.
CONCLUSION
We performed microsequencing in capillary tubes containing wall-immobilized DNA templates (solid-phase sequencing). Using a four-lane, single color dye primer sequencing run, a read length was obtained (589 bases) that was comparable to a conventional sample prep format. An advantage of this format is that the reactor can be scaled to ultra-small volumes, making it appropriate for loading sequencing samples directly to microseparation platforms, such as ultra-thin slab gels or capillary gels, and thus reducing the amount of reagents required for sample preparation. In addition, tethering the template to the wall of the microreactor would eliminate the loading of template onto the gel column, which has been shown to severely degrade the quality of sequencing data obtained in capillary gel electrophoresis (13) . The advantages of traditional solid-phase sequencing are preserved in this format as well, such as producing high-quality, single-stranded templates and the ability to automate the sample preparation phases of the process. While we have been able to perform cycle sequencing in these microcapillaries, the use of a single thermal cycle will offer some potentially attractive features, especially when using dye terminator chemistry. For example, after a single thermal cycle, excess reagents, in particular dye-ddNTPs, can be removed from the sequencing products with no need for a cold ethanol precipitation. Another attractive feature of this solid-phase sequencing strategy is the potential to integrate the microreactor to capillary-based gel loaders. Recently, a pneumatic device was described that uses arrays of capillaries to transfer samples from titer plates to the wells of high-density gels to automate the loading process of slab gels (10) . One can envision the use of a capillary containing immobilized single-stranded templates that would not only load the wells of the automated DNA sequencer but also prepare high-quality sequencing ladders, expanding on the existing capabilities of the capillary-based gel loader.
